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INVESTIGATION OF FREQUENCY-RESPONSE CHARACTERISTIOS
OF ENGINE SPEED FOR A TYPICAL
TURBINE-PROPELLER ENGINE
By Burt L. Taylor, III, and Frank L. Oppenheimer

SUMMARY

Experimental frequency-response cheracteristics of engine
speed for a typical turbine-propeller engine are presented. These
data were obtained by subjJecting the engine to sinusoidal varia-
tions of fuel flow and propeller-blede-angle inputs. Correlation
is mede between these experimental data and analytical frequency-
response characteristics obtained from & linear differential equa-
tion derived from steesdy-state torque-speed relations.

The results of this investigation indicate that engine speed
i1s a linear function of fuel flow and propeller-blade angle for
limited variations of these pareameters. Algebraic expressions
approximately desocribing the frequency-response characteristics of
the engine tested are primarily first order. Approximate frequency-
response characteristiocs limited to first-order effects may be cal-
culated from solutions of & linear differential equation and equi-
1librium torque characteristics of the engine and the propeller.

INTRODUCTION

In order to design controls that will provide desirable
transient operation, the dynamics of the various components of the
controlled system should be known. The most general description
of the dynamics of any system is the differential equations of
motion, but use of the deteiled and precise aerodynsmic and thermo-
dynamic eguations for analysis of dynemic behavior of a gas-
turbine engine and control system presents insurmountable problems.
On the other hand , any description whereby linear behavior of the
system components 1s essumed can be placed in a form that is resd-
11y hendled and productive of results. The advantages of the lin-
ear egsumption are so far-reaching that its use is Justified, even
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where the system is of known nonlinearity but where high precision
of results is not required, such as in the investigation of con-
trols for gas-turbine engines.

In the linear field, several descriptive forms can be used.
The most general of these is the frequency response, whereby the
attenuation and the phase lag of steady sinusoidal inputs are given
for the continuous frequency spectrum. When these data are avail-
able for each component of a closed-loop conbtrol system, the time
response of the system can be calculated. By employing techniques
of analysis eand synthesis described in reference 1, system behavior
can be altered to obtain desired freg_uency-response characteristics
and the related time response.

A general investigation is in progress at the NACA Lewis lab-
oratory to determine the nature of the dynemics of gas-turbine
power plants and to devise and to evaluate methods for describing
this behavior in a form applicable to control synthesis and ansly-
sls. Speclal emphasis has been placed on the determination of the
behavior of rotative speed because of its importance in this type
of engine for safety and optimum operation. The results of an
investigation of the frequency-response characteristics of a
turbine-propeller engine are presented herein. Experimentel
frequency-response data were enalyzed to obtain the general form
and nature of the frequency-response and dynamic characteristics
of such engines, to verify the linear assumption, and to obtain a
basis upon which other descriptive forms of the dynamic behavior
may be compared. One such comparison is made between the linear
differential equation obtained from equilibrium-torque curves and
experimental frequency-response characteristios. °

For purposes of this investigation, the dynamic response of
engline ‘speed to disturbances in fuel flow and propsller-blade angle
for a typical turbine-propeller englne is used. ,

ANATYSIS
Develomment of Linear Differential Equations

With the hypothesis that gquasi-static conditions exist in an
engine during transient conditions of operation, a differential
equation may be derived to express the behavior of engine speed as
a function of fuel flow (reference 2). An assumption is made that
the torque output of the engine is some Function of only two vari-
ables, engine speed and fuel flow, for a given comdition of
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altitude and ram pressure ratio. This function may be expanded
end linearized so that the following equation approximates the
behavior of engine gpeed for operation in a small reglon

Qe = £3(¥,T)

(1)
AQe = BAWf 'bANe

where & is the partial derivative of engine torgue with respect
to fuel flow and b 18 the absolute value of the partial deriva-
tive of engine torgque with respect to englne speed. A delta pre-
fix before a varisble signifies deviation from the initial opera-
ting point. (All symbols used in this report are defined in the
appendix.)

In a similer menner, the torque absorbed by a propeller may
be expressed as some function of rotational speed and blede angle

Q‘p = fa(ﬂ ,Np)
AQP = CAB +dANp ‘2)
d
AQp = oAB + FAT,
where ¢ 1s the partial derivative of propeller torque with
respect to blade angle and where d 1is the partial derivative of
propeller torque with respect to propeller speed.

Any unbalence between torgue developed by the engine and
torgue aebsorbed by the propeller results in en acceleration. If
the effective moment of inertia is assumed to be comprised of the
propeller and the rotating parts of the engine, the unbalanced

torque may be expressed 1n terms of engine speed and the moments
of inertia by the following equation:

T .
A%-%=Qr9+§-§>me (3)

I equation (2) is divided by the gear ratio R and sub-
tracted from equation (1), the following equation results:

A
Aqe--?aamf-%aa-<n+f-z)me (a)
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Equations (3) and (4).may be combined, ylelding the following dif-
ferential equation relating engine speed to fuel flow and blade

angle:
Qie +§§>Aﬁe+<n+£§>me=uwf_-§ap (5)

If equation (5) is divided through by Vo (max) and. (Ie + Eg)
R
. N )
and the appropriate terms divided by Ne(ma.;l’ Np(max)’ or
e(max) p(max)

W,
_f_(ln_axl the following dimensionless equation expressing speed

Vf(ma.z)’
and fuel flow is obtalned:
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The form of equation (6) is that of a first-order lag, which
can be written as follows:

AN, AT, AW
= K} —=— - KA (7)
" o) | Vo(maz) L VWemaz) BT -

where the dynamlic characteristics are entlirely defined by the tlme
constant T and the equilibrium condition is defined by K; and
Ko. Thus,

1
T = bl-l' d.l
a
1
K =
. 1 by +dj (8)
C1
Ko =
2 bl-l- d’l

Frequency Response

Frequenocy-response characteristics may be calculated by solv-
ing the dlfferential equation describing a system subjected to
sinusoldal forecing functlons of various frequencies. The same
results may be obtained by applying the operationsl calculus to
the differential equation. Thus, the response of engine speed to
fuel flow at constant blade angle can be expressed in terms of the
operator X as follows:

AN
N K

(max) ( 1

e;;:x 1) = I+ Tw) ()
Ve (max)

which is obtained from equation (7) by replacing the first deriva-
tive with respect to time by (iw) and treating the results alge-
bralcally. The complex opsrator represents both the ratio of the
ampllitudes of the englne-speed and fusl-flow sine waves and the
relative phase angles. The amplitude ratio is the absolute value
of the complex function, as follows:
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AR,

Bomex)| %1
AW, [ -2
w————f (max) 14+ ‘r2 u)z

The angle by which the englne-speed slne wave lags the fuel-
flow sine wave 1s as follows:

(10)

ANO
F )
Ang o(max) o onl wT)~ (11)
AWf
Vit (max)

The freguency response of engine speed to blade angle at con-
stant fuel flow may be obtained by the same procedurs,

AN,
Vo (max) K
w T (2
ANG
Yo (mex) 5 (13)
48 1+ 'rzm2
ANB
Ang &%;El = tan~l T) (14)

APPARATUS AND FROCEDURE
Engine Ingstallation

. ~ The principal components of the engine used for the
investigation are an axial-flow compressor, reverse-flow combustion
chembers, and a single-stege direct-coupled turbins. A two-stage
planetary gear system provides a speed reduction between the tur-
bine and the propeller.

— e ———
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A 12-Poot-l-inch-diameter, four-bladed propeller was installed
on the engine. The pitch-changing mechanism is a self-contained
hydraulic unit located in the propeller hub. A lever, or bete arm,
on the stationary portion of the hub operates the hydraulic con-
trol valves in the rotating part so that a linear relation exists
between the beta arm and the blade engle. Rach position of the
beta arm corresponis to & unique blade angle during steady-state
operation.

Hermonic-motion generator. - An approximation of simple har-
monic motion by the beta arm was obtained by connecting it to a
rotating crank driven by a direct-current motor through a worm-
gear reduction unit. A minimm ratio of 100:1 between the connect-
ing rod and the crank length made the motion of the beta arm vary
less than 1 percent from a true sine wave. By controlling the armae
ture current and substituting various speed reducers in the
harmonic-motion generator, & renge of fregquencles could be obtained.
The center of amplitude of the sine wave could be varied by shift-
ing the position of the harmonic-motion generator, and various
amplitudes could be obbtained by changing the crank length.

In order to vary fuel flow sinusoidelly, the fuel system of
the engine was discomnected from the manifold and replaced by an
external system, as shown in figure 1. A line was connected in
parsllel with the main throttle in order to obtain a small varia-
tion of fuel input ebout a center of amplitude set by the main
throttle. The harmonic-motion generator used in the blade-angle
runs was used to vary the flow in the parallel line by means of &
linear valve. Changes in pressure drop across the valve were too
small to have an effect upon the linear variation of flow during
transient operation.

Instrumentation

Steady-state meassurements were taken of propeller-blade angle,
fuel flow, engine torgue, and engine speed. Frovisions were mede
to measure all of these variables except the torgue during tran-
sient conditions of operation.

Blade-angle position was measured by the use of & potentiometer
attached to the propeller blade that varied the flow of current in
en electric circuit in direct proportion to the blade position.

For steady-state measurements, the current was measured by a mil-
liammeter; during transient conditions the circult was switched to
a recording oscillograph element. A conventlonal slip-ring

(3
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arrangement was used to complete the clrcuit between the potentiom-
eter on the propeller hub ani the recording device. Beta-arm posi-
tlon wes recorded in a similar manner. :

In oxrder to measure fuel flow, an A.83.M.E. orifice was Ilnstalled
in the main fuel line immediately upstream of the engine fuel mani-
fold. A bellows-type dlfferentlel-pressure gage measured the pres-
sure drop across the orifice and actuated & small potentiometer
that varied the current in a circult similar to that used for blade-
angle measurement. Inasmuch as flow variations were smell In com-
parison to mean flow, the nonlinear relation between pressure drop
and actual flow was Insignificant.

The ring gear of the planetary reduction unit of the engine
1s restrained by a self-balencing hydraulic system. The torque
output of the engine was indicated by the pressure required to act
on the hydraulic piston to maintaln balance. This pressure was
meesured by & Bourdon gage. .

Steedy-state measurement of engine speed was accomplished by
meens of a three-phage tachometer genmerator and indicator. For
recording transients in engine speed on the osclllograph, a direct-
current tachometer genherator wes utilized In a current-measuring
circuit.

A 10-cycle~per~second timing signal generated by an audio-
oscillator was recorded on the oscillograph film to show the time
variation of the measured variables. The signal was frequently com-
pared to a standard 60-cycle-per-second current on & cathode-ray
osclilloscope for calibration purposes.

Schematic diagrams of the transient meassurement circuits are
shown in figure 2. Table I indicates the steady-state and trans-
ient characteristics of the instruments used. The oscillograph
was used to record only increments of deviation from the initial
operating point. Conventional steady-state instruments were used
to measure the level at which the transient occurred and to evalu-
ate the increments. The oscillograph wes calibrated frequently
during the runs for known values of deviatlon as measured by the
steady-state instruments.

Procedure

Freguency-response runs. - In order to determine the frequency
response of engine speed, sinusoildal variatlions were made in
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propeller-blade angle &t constant fuel flow and in fuel flow at -
constant blade angle. The frequency range to be investigated wes
determined by the following considerations: It is shown Iin refer-
ence 1 that for a first-order system the breek frequency is
inversely proportional to the system time constant and that an ade-
quate fregquency raenge to describe the unit is 0.1 to 10 times this
value. Therefore, by assuming the time constant to be 5 seconds
and considering the engine primarily of first order, the range of
descriptive frequencles was defined to be 0.02 to 2 radians per
second. .

Dynamic behavior about two equllibrium rumning conditions of
‘the engine was investigated. The first condition was 65 percent
of maximum rated fuel flow and a blade angle of 18° (97.5 percent
of meximum engine speed). The other condition was 8l percent of
maximm rated fuel flow and a blade angle of 28° (92.5 percent of
maximum engine speed). The amplitude of the forcing function wes
the same at each operating condition; nemely, & blade angle of 2°
and 3.9 percent of meximm rated fuel flow. For each run, oscil~
lographic records were made of the time variation of pertinent
varlables during steady-state sinusoldal operation. Typical records
of these data are reproduced in figure 3. The high frequency vari-
abtlon of the fundamental waves in these figures resulted from elec-
trical and mechenical disturbances to the sensing elements.

Egquilibrium runs. - Equilibriwm data required to evaluate the
constants of equation (6) were obtained by the following procedure:
For & set value of fuel flow, propeller-blade angle was adjusted
to obtain nine operating points between 85 and 100 percent of maxl-
mm engine speed. These speed points were used for fusl flows of
50.0, 57.6, 65.4, 69.1, 77.0, and 84.5 percent of meximum fuel flow
except when torque or turbine-outlet-temperature limitations pro- -
hibited operation throughout the complete renge. Engine torque,
engline speed, fuel flow, and blade-angle measurements were taken
at each operating point.

RESULTS AND DISCUSSION

Exporimentally Determined Frequency-
Response Characteristics

Results of sinusoidal inputs. - Results of the sinusoidal
blade-angle and fuel-flow inputs as obtained from the oscillographic
traces are shown in figures 4 end 5. Amplitude ratio of output to
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input 1s presented on log-log coordinates as a function of fre-
quency. Fhaese-angle lag of the oubput reletive to lnput is pre-
sented on semllog coordinetes as a Tunctlon of frequency.

The form of these frequency-response curves indicates the
nature of the dynamic characteristics of this power plant. The
vegularity of data points indicetes that the system follows these
predicted characteristics better than might be anticipated. Fur-
thermore, in support of the assumptions maede for the differentlal-
equation analysis, the system appears to be primarily a first-order
lag system. Desplte the complexity of the physical system and the
processes performsd in the turbine cycle, a fairly simple mathe-
meticel form approximates the actual behavior of the engine.

Algebraic form of date. - As shown in figures 4 and 5, although
the system is primarily first order, higher order effects are
present. Increased attenuation of the output emplitunde at phese
shifts approaching 180° indicates that a second-order epproxima-
tion may more exactly describe the data. An equation of the fol-

lowing form has therefore been fitted to the experimental data:

oubtpub - K
input (L+11y0) (1+ iTow)

The equation was matched to the experimental data at the
steady-state point and at phese shifts of 45° and 90°, thereby
determining the three variables of the equation, X, T3, and Tg2.
Results of these computations are presented in columm 3 of table II.

A maximm error in the value of the second time constant Tp
of 0.1 second could be attributed to -Instrument lags; the numerical
values for this time constant Ty are therefore presented only to
indicate the order of magnitude of thils second-order effect.
Because the fuel-measurement device was slower than the blade-
angle measurement clrcuit, instrumentation error would reduce the
velue of T2 1in the functions of engine speed to fuel flow input.
The opposite trend of experimental results indicates that the
second~order effect is an engine phenomenon. The fact that a
ratio in the order of 10:1 exists between the two time con-
stants T3 and T2 makes the seconi-order effect negligible for
meny problems of control analysis.

In order to compare the form of the algebraic approximations
with the actual data, cross plots of figures 4 and S5 are presented
on figures 6 and 7, respectively, together with curves of the alge-
braic expressions. The calculated first-order curves of figures 6
and 7 will be subsequently discussed.
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Comparison of fregquency-response functions. - Variation of
the firgt-order tims constant with operating conditions may be of
more importance than the second-order effect.. A comparison of
Pirgst-order time constants in table II shows that these constants
not only very with the engine-power points but also vary with the
Torcing function at the seme power point. For an exact description
of dynamic behavior of engine speed, extensive data may be required
to determine the trend of tramsient characteristics.

Linearity of dynamic behevior. - For purposes of analysis, an
assumption was made that engine speed was a linear function of fuel
flow and hlade angle for small transients. In order to evaluate
this assumption from the results of experimental data, the form of
the outputs recorded on oscillographlc film were compared to an
enalytical sine wave. It was found that for inputs resulting in
engine-speed changes of as much as 6 percent of maximum speed the
form of the speed sine wave varied nogligibly from an exact sine
wave. Greabter input amplitudes resulting in larger speed oscil-
lations caused appreciable distortion, the effect being greater at
low-power polints. An assumption of linearity is therefore Justi-
fied only for restricted deviations on the order of 3 or 4 percent
from an equllibrium polnt.

Analytically Determined Frequency-
Response Characteristlcs

Results of equilibrium runs. - The relation between steady-
state values of engine torque and fuel flow is plotted in fig-
ure 8(a) for several values of constant speed. Cross plots for
lines of constant fuel flow are shown in figure 8(b). TFigure S(a)
is & plot of propeller torgue against blade angle for verious val-
ues of constant speed and cross plots for lines of constant blade
angle are shown in figure 9(b). In order to show the equilibrium
running conditlions about which sinusoldal data were taken, two
lines of constant blade angle, 18° and 28°, are superimposed on

figure 8(b).

Losses to the accessories and the gear-reduction unit were
neglected in celculetlons of propsller torgue.

Range of linearity. - In the derivation of equations (1)
and (2), an assumpbion was made that the relations presented in
figures 8 and 9 msy be consldered as straight lines for small devi-
ations from a given steady-state point. The actual data indicate
that this assumption is Justified for the engine characteristics
over rather large regions, but the propeller charecteristics should
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be considered linear only in. very smell regions. Furthermore »
these engine data as obtained under steady-state conditions of
operation may not be accurate under transient conditions if the
turbine is required to operate at a point Pfar from the design con-
dition (reference 2).

Analytical sinusoldal response. - Frequency-response charac-
teristics of the engine were calculated for operating points at
which experimental sinusoidal data were taken. ~ Values of the con-
stants a3, by, c¢j, and d; for an operating condition were
obtalned from the slopes of the curves of figures 8(a), 8(b), 9(a),
and 9(b), respectively. With values so determined, eguations (10),
(11), (13), and (14) were evaluated for a range of frequencies
coinciding with that used in the experimental runs. Results.of
these calculations are included in figures 6 and 7.

Algebraic form of analytical results. - The algebraic form of
the first-order curves presented in figures 6 and 7 is shown in
equations (9) and (12). These equations were ovaluated for the
selected operating points and the results are presented in col-
um 4 of table II.

For the assumptlons mede in the analysis, the engine time con-
stant is indepsndent of the forcing function, as shown in equa-
tion (7). Variation of time constants for the two power points
results from the nonlinearity of torque-speed characteristics of
the engine and the propeller. The magnitude of this variation is
sufficient to 1imit the utility of an analysis in which linear
approximations are assumed. For studies of behavior within
restricted reglons, the analysis is satisfactory.

Comparison of Differential-Equation Solubtion
with Experimental Results

Camparison of form. - Calculated frequency-response character-
istlos are similar to the experimental results at low-frequency
values, as shown by figures 6 and 7. Because of higher-order
effects exhibited by the experimental data, deviation between the
two gets of curves increases at higher frequencies. This effect
is particularly evident in the phase shift occurring at high fre-
quencies. Presence of phase shifts greater than 90° in the engine
system may limit the over-all loop gain for stebility in a combined
engine and control system. For the usual case in which the control
contributes at least 90° additional phese shift to the engine polar
diagram, the gain at the 180° phase shift point has a definite
limit according to the Nyquist criterion (reference 1).
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Comparison of numerical values. - In general, the value of
the experimental time constant is lower than the value of the ana-
lytical time constant for a glven power operating point. The sig-
nificance of this variation depends on the particular application
of the deta; for some problems of control analysis a range of var-
lation of 2 to 1 in the engine tims constant causes little change
in the cambined engine-control system. Discrepancies between
steaiy-state gain values, analytical and experimental, can be
accounted for by the fact that the analytical values are calculated
from slopes of equilibrium-torgue curves.

CONCLUSIONS

From a sea-level static investigatlon of the frgq_uency-
response cheracteristics of a turbine-propeller engine, the fol-
lowing conclusions may be drawn:

1. Engine speed 1s & linear function of fuel flow and
propeller-blade angle during transient operation, if deviations
from the equilibrium operating point are on the order of 3 or 4 percent.

2. The freguency-response functions of engine speed to fuel
flow and engine speed to blade angle are primarily first order,
but higher-order effects exist.

3. A differential equation that clcaely describes engine
gpeed as a function of fuel flow and blade &ngle can be derived
from steady-state data.

Lewis Flight Propulsion Laboratory,
Rational Advisory Committee for Asronautics,
Clevelani, Chio, March 24, 1950.
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APPENDIX - SYMBOLS

The following symbols are used throughout this report:

partial derivative of englne torque with respect to fuel

9%\ 1p-£t
flow, (awf)l 1b/ar

partial derivative of englne-torque parameter with respect to

) i —

I, /e
Ne(ma.x) I |1 + T, L

- ]
Wf sec

percentage maximum fuel flow,

PR S
We (mex)

ebsolute value of partial derivative of engine torgque with respect

%%\ 1b-£t

to e ne speed
ngl peea, aNe rpm

partial derivative of engine~torque parameter with respect to
d i

/88
Ne(ma.x) Ie [l + ]—:]E:e——] 1

percentage meximum engine speed, T
. a e
Ne(ma.x)

? sec

!
partial derivatlive of propeller torque with respect to blade

angle, (a;_'i), -rs

o deg
partial derivative of propeller-torgue parameter with respect
3 %

i " | [l Ie. ]
+
p(max) I /Re L

B ” (sec)(deg)

to blade angle,
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partial derivative of propeller torgue with respect to pro-

0%\ 1b-£t
ller speed — ——
Peller spesd, (aNp Tom

partial derivative of propeller-tc’)rque parameter with respect
to percentage maximmm propeller speed.,

3 %
¥ I, |1+ To
P(max). I /Rz;_ .
Ty ? gec
Ny (max)

function of We,Ng
function of B,N;,
imaginary number, 4/-1

polar moment of inertia of rotating parts of engine,
(1b) (£t) (sec) (rad) (min) /revolution

polar moment of inertla of propeller,
(1) (£t) (sec) (rad ) (min) /revolution

arbitrary constant

a
1 rpm
constant defining equilibrimm condition, Kj = by e dl’ To/br

constant defining equilibrium condition, Kp = ‘31—c'+13'1" %
engine speed, rpm

propeller speed, rpm

engine torgue, 1b-ft

propeller torque, lb-ft

goar ratio of engine speed to propeller speed

>
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We fuel flow, lb/hr
B propeller~blade angle, deg

Bg |Teta arm, used to denote lever input to mechenism for chang-
ing propeller-blade angle on engine used to run data

A deviation from initial operating point
T engine time constant, sec

w  freguency, radians/sec

Subscript:

max maximm
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TABIE I - STEADY-STATE AND TRANSIENT CHARACTERISTICS
OF INSTRUMENTS

Measured variable Steady-state Transient characteristics
accuracy
40
Blade angle, B % Limited by oscillograph
element (40 cps)
Beta arm, By 1 percent of Iimited by oscillograph
full travel element (40 cps) I
c
Fuel flow, Ve #1 percent for 10-15 cps =
full flow
Torque, Q %l percent fOr | = = = = = = = = = « = = -
full scale
Engins speed, N, %— of 1 percent | ILimited by filter circuit
- | for ful1 scate | (159 cpe) -

TABLE II - FREQUENCY-RESPONSE FUNCTIONS

1 2 1. 3 4
Frequency- Operating point | Algebraic form of fre- | Algebralc form of
response quency-response func- frequency-response
function tion from experimental | function from cal-

data culated equation
K Kp .
General —
(1+11y0) (L+iT 00) (1+1TW)
AN /R :
e/ Ye(max) -1.08 -~1.06
(1w) |We=65 percent —_—
A 1+13.05W) (1+10. 283W), 1+13.7
B o A [ I ) | (sE)
(percent/deg)
Wfﬂal Percent —1-73 . "'1076
of tomm Tated (1+13.35W) (1+10.185W) (1+12.860)
K K
General —
(1411 0) (1+172 0) (1+170)
AN /Ne (max 1) 8 =169 76 75 .
M ¥ (max) - (1+13.320) (1+10, 37510) (1+413.750)
(percent) _
(s S0 48
B =28 ..
(1+12.73W) (1+10.3320) (1+12.860)
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Motor-driven - .
fuel pump . . Small=glot

manifold

Large-s 19_1/ IR
menifold

AR

Flgure 1, - System for providing sinusoidal fuel flow.
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Figure 2. -~ Schematle dlagrams of transient response instrumentation.
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Blade angle,p
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(a) Typical data showing steady-state sinusoldal respomnse
of engine speed to blade angle. Fuel flow, 81 percent
of maximum rated; mean engine speed, 92,5 percent of
maximum; mean blade angle, 289; frequency, 0.986 radian
per seconde

Flgure 3. - Typical steady-state simsoldal data for turbine-propeller engine.
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Engine speed,Ng
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(b) Typical data showing steady-state sinusoildal response
of engine speed to fuel flow. Blade angle, 18°; mean
engine speed, 97.5 percent of maximum; mean fuel flow,
65 percent of maximwm rated; frequency, 0.873 radian
per second,

Figure 3. - Concluded. Typical steady-state sinusoidal data for
turbine-propeller engine,
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(a) Amplitude-ratio relation. Fuel flow, 65 percent of maximum rated; mean
engine speed, 97.6 percent of maximm; mean blade angle, 18°; blade=
angle amplitude, 2°,

Figure 4., — Propeller=~blade angle ~ engine-speed relations at constant fuel flow obtained from
experimental sinusoidel response data for typlioal turbine-propeller engine.
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Figure 4. - Continued. Propeller-blade angle - engine-speed reletions at constant fuel flow obtained
from experimental sinusoidal response data for typidal turbine-propeller engine.
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Figure. 4, - Continued.
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(c) Amplitude-retio relation., Fuel hcw, 8l percent of maximm rated; mean

engine speed, 92.5 percent of
angle amplitude, 2%

3 mean blade angle, £28°} blade-

Propeller-blade angle —~ engine-speed relations at conatant ruﬁe flow obtained

experimental sinusoidal response data for typical turbine-~propeller engine.
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(d) Phase-angle relaticn. Fuel flow, 81 perocent of maximum rated; mean
engine speed, 92,5 percent of maximum; mean blade angle, £28°; blade-
angle amplitude, £°,

Pigure 4. - Concluded. Propeller-blade angle — engine-spead relations at constant fuel flow obtained from
experimental sinusoidal response data for typical turbine-propeller engine.
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Pigure 8. = Fuel-flow — engine-apesd relations at consbant blade angle obtained from
experixental sinmscidal response daba for typlcal turbine~propeller engine.
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(b) Phase-angle relation., Mean fuel rlov; 65 peroent of maximum rated; mean

engine spesd, 57.5 percent of maximum; blade angle, 1895 fuel-flow amplitude,
8.0 percent of maximmm.

Figure 5. - Contimed, Fuel-flow - sngine-apeed relations at constant blade angle obtained
n-u;. experimental sinusoidal response data for typiocal turbine-propelier engine.
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Figure 5. — Continued.

Mean fuel flow, 81 percent of maximmm rated; mean
engine speed, 92,5 peroent of maximm; blade angle, £289; fuel-flow amplitude,
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Fuel-flow - engine-speed relations at constant blade angle obtained
from experimental sinusoldal response data for typioal turbine-propeller engine,
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Figure 8. -~ Relation between engine-torque parameter, percentage of maximum engine speed
and percentage of maximum rated fuel flow as obtained experimen a
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(b) Constant fuel-flow characteristics inoluding s‘elected operating lines,

Figure 8, ~ Concluded. Relation between engine-torque parameter, percentage of maximum
engine speed, and percentage maximm rated fuesl flow as obtained from experimental
data for typiocal turbine-propeller engine. (Cross-plotted from fig. 8(a).)
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